Abstract, The suggestion is discussed that characteristic particle and field signatures at the dayside magnetopause, termed "flux transfer events" (FTEs), are, in at least some cases, due to transient solar wind and/or magnetosheath dynamic pressure increases, rather than timedependent magnetic reconnection. It is found that most individual cases of FTEs observed by a single spacecraft can, at least qualitatively, be explained by the pressure pulse model, provided a few rather unsatisfactory features of the predictions are explained in terms of measurement uncertainties. The most notable exceptions to this are some "two-regime" observations made by two satellites simultaneously, one on either side of the magnetopause. However, this configuration has not been frequently achieved for sufficient time, such observations are rare, and the relevant tests are still not conclusive. The strongest evidence that FI'Es are produced by magnetic reconnection is the dependence of their occurrence on the north-south component of the interplanetary magnetic field (IMF) or of the magnetosheath field. The pressure pulse model provides an explanation for this dependence (albeit qualitative) in the case of magnetosheath FI'Es, but this does not apply to magnetosphere FI'Es. The only surveys of magnetosphere FTEs have not employed the simultaneous IMF, but have shown that their occurrence is strongly dependent on the north-south component of the magnetosheath field, as observed earlier/later on the same magnetopause crossing (for inbound/outbound passes, respectively). This paper employs statistics on the variability of the IMF orientation to investigate the effects of IMF changes between the times of the magnetosheath and FI'E observations. It is shown that the previously published results are consistent with magnetospheric FTEs being entirely absent when the magnetosheath field is northward: all crossings with magnetosphere FTEs and a northward field can be attributed to the field changing sense while the satellite was within the magnetosphere (but dose enough to the magnetopause to detect an FTE). Allowance for the IMF variability also makes the occurrence frequency of magnetosphere FTEs during southward magnetosheath fields very similar to that observed for magnetosheath FTEs. Conversely, the probability of attaining the observed occurrence frequencies for the pressure pulse model is 10 '14. In addition, it is argued that some magnetosheath FTEs should, for the pressure pulse model, have been observed for northward IMF: the probability that the number is as low as actually observed is estimated to be 10 4ø. It is concluded that although the pressure model can be invoked to qualitatively explain a large number of individual FTE observations, the observed occurrence statistics are in gross disagreement with this model.
Introduction
Evidence for transient magnetic reconnection at the dayside magnetopause was put forward in 1978 by two sets of authors independently. Russell and Elphic [1978] noted characteristic signatures in the magnetic field dose to the magnetopause, as observed by the ISEE 1 and 2 spacecraft, which they termed "flux transfer events" 1 Also at Blackett Laboratory, Imperial College, London. Recently, however, there has been a revival of interest in the effects of solar wind and/or magnetosheath dynamic pressure pulses on the magnetosphere. Much of this has been due to the similarity of transient flow and current signatures, observed in the dayside auroral ionosphere in association with dynamic pressure pulses, to those originally predicted for FI'Es. This has prompted Sibeck [1990] to question whether magnetopause FTE signatures are indeed caused by transient reconnection and to propose that such effects can often, or perhaps always, be attributed to magnetopause motions in response to transient changes in the dynamic pressure of the solar wind, at least in the magnetosheath. The similarities between dynamic pressure pulse and transient reconnection signatures at the dayside magnetopause were also pointed out by Elphic [1988] .
Transient currents in the dayside auroral ionosphere in response to a major solar wind dynamic pressure increase were observed by Farrugia et al. [1989] , who also observed the associated inward compression of the magnetopause. In addition, Sibeck et al. [1989a] have shown that both the vortical flow event described by Todd et al. [1986] and one of the vortical current events described by Lanzerotti et al. [1987] followed shortly after changes in the solar wind dynamic pressure. This has led to much debate as to whether these ionospheric events may have been caused by the dynamic pressure changes [Lanzerotti, 1989; Sibeck et al., 1989b; Bering et al., 1990; Lockwood et al., 1990 ]. These observations had previously been interpreted as possible ionospheric FI'E signatures, based on predictions for a circular ionospheric footprint of a newly-reconnected FI'E flux tube with uniform and constant ionospheric conductivities [Southwood, 1985 [Southwood, , 1987 Lee, 1986; McHenry and Clauer, 1987] . However, recently Lockwood et al. [1990] and Elphic et al. [1990] have presented strong evidence that transient dayside aurorae and associated bursts of flow are FTE signatures. These events are greatly elongated along the polar cap boundary and accompanied by considerable conductivity structure and changes [see Sandholt et al., 1990] . For these, and other, reasons the flow and current signatures differ significantly from the original expectations of FTE effects in the ionosphere. It is therefore somewhat ironic that other processes, probably induced by solar wind dynamic pressure changes, appear to be able to produce signatures which are very similar to those originally predicted for FI'Es.
The ionospheric signatures of FI'Es and dynamic pressure pulses have been discussed in detail by Lockwood et al. [1990] and it is not the purpose of this paper to digcuss them further. Rather we wish to investigate the magnetopause signatures predicted for such effects, compare them with various examples of FrE observations, and consider the implications for the statistical surveys of FTE occurrence by Rijnbeek et al. [1984] , Berchem and Russell [1984] , Southwood et al. [1986] , and Smith and Curran [1990] .
Predicted Magnetopause Signatures
Structures in the dayside magnetopause produced by a burst of transient reconnection or by a pulse of enhanced solar wind dynamic pressure will cause variations to be observed by a spacecraft close to this boundary (see review by Elphic [1988] ). This section presents 5497 predictions of the signatures which would be expected by spacecraft at various distances from this boundary. Because FTEs are primarily detected by a characteristic bipolar disturbance in the boundary normal magnetic field, BN, we consider only this component initially. (Note that B N is defined as positive for the outward normal to the magnetopause, i.e., away from the Earth.) We also consider the particle populations which would be observed by the spacecraft. The transient reconnection model (model "A") employed is that originally suggested by Saunders [1983] and recently expanded by Southwood et al. [1988] and Scholer [1988a Scholer [ , b, 1989 . This model is similar to that originally invoked by Elphic [1978, 1979] to interpret FrEs, other than the facts that the reconnection burst is not necessarily limited to a short (~1-2 Earth radii, RE) reconnection X line and that some reconnection can continue after the burst. It is used here because it can explain electron streams observed on the edges of the newly reconnected flux tube and the observed flux of heat away from the X line in terms of the ongoing reconnection. In addition, the putative ionospheric ErE signatures reported by Lockwood et al. [1990] and Elphic et al. [1990] (the latter seen in association with conjugate spacecraft measurements of magnetopause FrEs) indicate longer (~10 RE) reconnection X lines. However, it should be noted that, with the notable exception of the electron streams and heat flux, the magnetopause signatures predicted here would be virtually the same for the Russell and Elphic model.
The dynamic pressure pulse model (model "B") is that proposed by Sibeck [1990] . This model invokes suggestions of a plasma depletion layer (PDL) outside the magnetopause. This layer could contain a mixture of magnetosphere-like and magnetosheath-like plasmas, but is outside the magnetopause as defined by the change in inclination of the magnetic field. A similar layer of mixed plasma inside the magnetopause is called the low-latitude boundary layer (LLBL), the existence of which is well established. In general a discontinuity could be present at the interface of the PDL and LLBL (i.e., at the magnetopause); however, in order to simulate the ErE observations of Farrugia et al. [1988] , Sibeck does not in his paper invoke any change in plasma characteristics at the magnetopause; i.e. the LLBL and PDL together form a gradual transition between magnetosphere and magnetosheath plasma characteristics. This assumption is also adopted here. Recently, several authors have questioned how common the PDL is and whether or not it contains magnetosphere-like plasma or just magnetosheath plasma of lower density than the remainder of the sheath [for example, Hall et al., 1991] . This really is a question of where the magnetopause (defmed as where the inclination of the magnetic field changes) usually lies relative to the plasma transition region. In his model, Sibeck places it at the center of this regior• (i.e., there is both a LLBL and a PDL), whereas Hall et al. place it at the outer edge of the transition region (i.e., there is a LLBL but no PDL). This latter, experimental, observation is interesting because it relates to the magnetopause crossing on the same pass of the Active Magnetospheric Particle Tracer (AMPTE) UKS satellite as the FTE described in detail by Rijnbeek et al. [1987] and Farrugia et al. [1988] : this ErE is the one modeled by Sibeck [1990] by assuming that a PDL was present. However, in this paper we will not discuss further' the occurrence probability or characteristics of the PDL, rather we will include it in our discussion in the same way as did Sibeck [1990] . Another important assumption in the pressure pulse model is that the LLBL is considerably thicker during periods of northward interplanetary magnetic field (IMF) than it is when the IMF is southward. Mitchell et al. [1987] found that the ISEE satellites spend more time in the LLBL in the magnetosphere flanks during northward IMF: from this the LLBL has been inferred to be thicker when the IMF points northward. There is no generally accepted explanation as to why this may be the case (one suggestion by Nishida [1989] involves formation of the LLBL by sporadic patchy reconnection throughout the dayside magnetopause), nor has it been satisfactorily demonstrated by a statistical survey. However, this paper does not seek to question this assumption and starts from the premise that the LLBL is thicker for northward IMF and that this does have the effects postulated by Sibeck. Figure 1 shows the magnetopause structure predicted for models A and B, in the rest frame of the event as it moves away from the equatorial plane. We consider events moving north in the northern hemisphere, which, as we shall see, yield "standard polarity' signatures (i.e., positive B N deflection followed by a negative one). Events moving south in the southern hemisphere in all cases give the reversed sequence (i.e., a "reversed polarity" event).
Northward IMF Signatures
Figure la shows the situation predicted for the reconnection model (A) when the IMF, and hence the magnetosheath field, is northward. The LLBL is inside the magnetopause. A PDL may or may not be present, but because it is not important to the model it is omitted here. A satellite X is on the magnetosheath side of the boundary, and another Y is on the magnetosphere side. This case is trivial because there is no perturbation to the magnetopause or the LLBL, and hence no variation is seen by any spacecraft in either particles or fields. . (This will generally be produced by a pulse of enhanced dynamic pressure of the upstream solar wind, but it has been suggested that it could be produced by the bow shock when the IMF points approximately radially [Fairfield et al., 1990] .) At this point it should be noted that it has never been demonstrated that a patch of solar wind plasma of enhanced dynamic pressure will, in fact, survive passage through the bow shock and appear as a similar patch at the magnetopause. Indeed, from the gas-dynamic model, it may be expected that the enhanced pressure would be applied to the entire dayside magnetopause and not produce a localized indentation [see Elphic, 1988] . Nonetheless, seemingly localized compressional magnetopause events have been observed, apparently in conjunction with increases in solar wind dynamic pressure [Sibeck et al., 1989a; Fairfield et al., 1990] , and this paper does not address this concern. Rather, it accepts the postulate of the dynamic pressure model that the patch is incident upon (and indents) the magnetopause. In Figure lb , the IMF has a northward component. The event moves along the magnetopause, away from the point of impact with the magnetosheath flow, as described by Sibeck [1990] . (Figure 3a ), but because they both remain within the magnetosheath (i.e., they only observe the draped field), the only difference between the two will be that X 2 will see a larger signature than Xz. If, however, a layer of energetic magnetospheric particles were present outside the magnetopause, X2 could see some magnetosphere-like plasma at the event center. Satellites X 3 and X 4 cut into the reconnection layer at the event center (Figure 3b) , and any PDL would be observed at the edges of the reconnection layer. Because the edges of the reconnection layer map to the reconnection X line, streaming (~100 eV) electrous may also be present there. Satellites X 3 and X 4 would observe unidirectional streams away from the X-line if some reconnection continued after the burst which gave rise to the FIE. Note that satellites Y3 and Y4 would see bidirectional counterstreaming electrons on the edges of the reconnection layer: these would be produced at the This means that the region of higher plasma density does not extend as far into the magnetosphere and the speed of the fast mode compressional wave inside the magnetosphere is greater. The fast mode wave may then move faster than the dynamic pressure discontinuity in the magnetosheath, and it is proposed that this produces an outward bulge in the magnetopause which grows as the discontinuity propagates along the boundary. Behind the discontinuity the boundary is indented by the enhanced dynamic pressure, as in the northward IMF case. classed as a standard polarity, bipolar FTE. Alternatively, it is possible that the event would be classed as an irregular FTE. The third possibility is that such events are sufficiently tripolar that they would not have been classed as FTEs at all. In this paper, we will consider the implications of the first two alternatives, i.e., that the pressure pulse gave a signature which would have been classed, at least sometimes, as an FTE.
In Figure 4a we see that satellite X 1 remains entirely within the magnetosheath, whereas in Figure 4b , X 2 enters the PDL. In Figures 4c and 4d the satellites (X 3 and X4) pass through the magnetopause and hence observe almost discontinuous polarity reversals in BN, as they encounter the northward field of the magnetosphere. It seems unlikely that such events would be classed as FrEs, unless they were regarded as two asymmetric, standard polarity FrEs of unusually short duration and short repetition period. This interpretation would not stand under inspection of the particle data.
Corresponding signatures are predicted on the magnetopause side of the boundary. Again, signatures for the satellites further from the boundary (Y1 and Y2) are generally tripolar. This time the weaker signature is a negative B N deflection which precedes the larger part of the event. It is very difficult to see how this leading B N deflection could be absent in this case, given that the outward bulge in the boundary is compressional and hence field lines dose to the boundary would be expected to move outward as we!!. The discontinuities are apparent for Y3 and Y4 when they cross the magnetopause. Similar questions arise as to which of these signatures may have been classed as FTEs in the past, as for the magnetosheath cases.
Observed Magnetopause Signatures
Many observations of FTEs have been presented, and it is not the purpose of this paper to review them, nor to discuss individual cases in detail. This is because results for any one case may not apply to all, or even many other, cases. However, some of the characteristics of the observations are commented upon in the light of the above predictions. of the boundary, introduce uncertainties in this timing test [Elphic, 1990] . In Figure 5 , both spacecraft observed standard polarity events in the northern hemisphere (i.e., northward moving), and ISEE 2 is roughly 1000 km northward of ISEE 1. Hence one would expect that the ISEE 2 signature would be delayed relative to that seen by ISEE 1. Calculation of this delay is vital for this test. The satellites are separated by -2250 km in the boundary plane, and hence the event velodty and orientation in the boundary must both be known accurately. This would be best determined by at least one more nearby satellite, which will not be possible until the Cluster mission. Plasma data are not available for the event reported here, and hence we do not attempt this timing test in this paper. Farrugia et al. [1987b] and Elphic [1990] have used plasma flow measurements in two-regime events to define the event velodty and conclude that they are consistent in their phasing of signatures with model A.
To conclude this section we note that one can interpret most available observations, at least qualitatively, in terms of either model, by invoking a certain satellite path through the event and attributing certain unsatisfactory features (such as the lack of a fully tripolar B N signature) to measurement uncertainties and others (such as the lack of discontinuity in B N at the magnetopause) to chance occurrences. We have only considered the B N variation and a broad description of the particle characteristics. More detailed analysis is required to see if other characteristics are explicable quantitatively using either model. However, we do not rely on such arguments here. Model B is particularly unsatisfactory as an explanation for two-regime observations by the ISEE satellites and of high-resolution plasma measurements within magnetosphere FTEs by AMPTE CCE, but neither of these tests has yet proved conclusive. We also note that recently, R.C. Elphic 
Occurrence Statistics
The problem with case studies of the type given in the previous section is that one can never be sure that any given event is not unusual in some way, i.e., that it is not one of a subset of FTE observations which is relatively rare. This means that even if a particular event does discriminate between the two models, conclusions about FTEs in general cannot be drawn. However, care must be taken concerning the procedures adopted in these surveys of magnetopause data. Berchem and Russell studied only magnetosheath FTEs observed by the ISEE i and 2 satellites and compared with the IMF observed by the ISEE 3 and IMP 8 satellites. These authors made allowance for the propagation delay from the satellites in the interplanetary medium to the magnetopause and the uncertainties inherent in its calculation. They found that magnetosheath FTEs were virtually only observed when the IMF was southward. This is readily explained by the reconnection model. However, the magnetosheath FTEs could also be explained by the dynamic pressure pulse model, but only if certain further assumptions are made. Principally, these are that (1) the bipolar B N signatures in the magnetosheath predicted in Figures 2a and 2b for northward IMF camnot be detected (no matter how large the incident pressure pulse) and (2) nor can the second positive deflection (i.e., the third part of the generally tripolar signature) predicted in Figures 4a and 4b for southward IMF. The first of these assumptions will be studied in 
From Table 1 , n = 35, and hence Pc is 0.930. This corrected occurrence probability of passes with at least one FTE appears in the last column of Table 1 . This is closer to the probability of observing a magnetosheath FTE under the same (B L<0) conditions of 0.912 (see Table 2 ) than the uncorrected value (0.854).
Similarly, we can correct the B L' > 0 passes to allow for the subset of them for which B L was negative while the spacecraft was in the magnetosphere. From Table 1 Sibeck [1990] points out that the signatures for this trough in the boundary (as seen from the magnetosheath) will be weaker than those for the field draped over a crest in the boundary. In addition, the dynamic pressure increase postulated to cause the indentation of the boundary may be due to enhanced plasma density (rather than its speed), and hence at constant temperature the thermal pressure will be enhanced and, if there is pressure equilibrium, the magnetic pressure and hence magnetic field will be reduced [Burtaga, 1968; Sibeck, 1990] . Consequently, the lZrE signature in the magnetosheath will be weak, and hence such events may not have been classified by Berchem and Russell. In addition, the total field may 
